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TMDs permits the production of longlived valley polarization by optical pumping. [4, 5] In particular, noncentrosymmetric 3R-stacked TMDs provide a basis for the magnetic and electrical manipulation of spin/valley degrees of freedom. [6] Low-dimensional defects such as edges and grain boundaries also have unique structural properties due to their high level of dissymmetry. [7, 8] In 2D materials, the presence of such defects can lead to interesting new properties such as tunable energy gap, [9] unusual magnetic correlations, [10] oscillating edge states, [11] high-performance nanoelectronics, [12] and edge nonlinear optics. [7] To be able to exploit these properties for applications, regular crystals with perfect stacking and well controlled unique edge structure, [5, 13] have to be synthesized on a large scale. However, existing growth methods have limited control over the morphology and edge structures of TMD crystals. [14] [15] [16] [17] It is known that nonequilibrium growth processes can generate fractal patterns, these are exemplified in natural phenomena such as snowflakes. [18] The formation mechanism of these multibranched structures is generally explained on the basis of diffusion-limited aggregation (DLA). [19] According to the DLA model, the strong binding of atoms limits adatom diffusion at low temperature, giving rise to fractal growth by an aggregation of hit-andstick type. [20] [21] [22] The growth of 2D fractal patterns has not received the attention it deserves to date due to the challenge in controlling growth morphology, despite the advantage of possessing a high density of edge sites for catalytic applications. The question is whether a controllable self-organization mechanism exists for the large-scale growth of highly regular dendritic structures in 2D TMDs, where the macroscopic symmetry of the flakes can be tailored to replicate the microscopic symmetry of the crystals.
Here, we studied the homoepitaxial growth of MoS 2 crystals on the surface of MoS 2 monolayer. Under the condition of low S supply, the stark difference in growth rates between the different crystallographic edges promotes the rapid advancement of growth fronts of one polarity over the other, leading to nonequilibrium structures that are elongated at three sides. The homoepitaxially grown MoS 2 patterns are 3R-stacked with the underlying MoS 2 monolayer and terminated by zigzag Mo edges, as confirmed by high-resolution scanning transmission 
Transition Metal Dichalcogenides
Transition metal dichalcogenides (TMDs), MX 2 (M = Mo, W; X = S, Se, Te), have gained widespread interests due to their great potential in the fields of electronics, optoelectronics, and catalysis. [1] [2] [3] Broken inversion symmetry in www.advmat.de www.advancedsciencenews.com electron microscopy (STEM). Our growth recipe allows us to tune the shape of the crystals from triangular to fractal. The growth method is also applicable to other TMDs such as WS 2 , suggesting the generic applicability. In contrast to 2H-stacked bilayer and monolayer MoS 2 , the 3R-stacked MoS 2 patterns/ monolayer system exhibits enhanced second and third harmonic generation (SHG and THG, respectively), suggesting that bilayer growth can be tailored for specific nonlinear optical applications. Figure 1 illustrates the procedure for the homoepitaxial growth of MoS 2 crystals. A piece of glass substrate used for growth was cleaned ultrasonically in acetone, isopropanol, and water, followed by 10 min of O 2 plasma, after which, it was placed on a piece of Mo foil. Another piece of curved Mo foil, used as the Mo source, was placed above the glass substrate. During the heating stage, a small quantity of ionic compounds present in the glass evaporates onto the surface of the Mo foil. Previous reports have shown that Na 2 O, NaCl, and SO 2 , among others, can corrode molybdenum metal by solid-state displacement reactions; [23] [24] [25] this helps with the volatilization of Mo. When the temperature at the center of the furnace approached 1050 °C, we moved the S source to set the temperature of S powders at 180 °C to grow MoS 2 crystals. The supply of Mo during growth is tuned by changing the distance between the Mo foil and the substrate (h), and the supply of S is controlled by its temperature. Due to the distinct catalytic behaviors of liquids, [26] [27] [28] large-sized MoS 2 monolayers were firstly grown on molten glass (Figure 1b,c) . The large-area, highly uniform, and smooth MoS 2 monolayers are ideal templates to explore the homoepitaxial growth of MoS 2 crystals.
In our experiments, the homoepitaxial growth of MoS 2 crystals took place in the temperature range of 1030-1070 °C. The shape of the MoS 2 crystals can be tuned by controlling the ratio of S and Mo precursors. Keeping the temperature of S source at 230 °C and the distance h at 2 mm, small triangular-shaped MoS 2 crystals were grown on the surface of MoS 2 monolayer (Figure 1d ). The regular triangular morphology with straight edges suggests that these crystals were grown under equilibrium condition. With decreasing S/Mo supply ratio, the population of the MoS 2 crystals decreases, and the size increases ( Figure S1 , Supporting Information). The edges of some crystals curl inward ( Figure S1b , Supporting Information), suggesting a nonequilibrium growth process. As the supply of S is further reduced (180 °C), we observed the emergence of large-scale highly organized MoS 2 dendritic patterns on MoS 2 monolayer (Figure 1e ). The width of the dendritic branches can be tuned by the distance h and growth time (Figures S2 and S3, Supporting Information), and adjacent branches merge to form a continuous film at long growth times ( Figure S4 , Supporting Information). Starting from a nucleation point, a MoS 2 flake has a three-level fractal structure ( Figure 1f ). The direction of these branches coincides with the armchair directions of MoS 2 crystals, and the angle between adjacent branches is about 60°. Figure 1g shows the size histogram of MoS 2 branches observed using optical microscopy. The largest branches have branch length of 650 µm. In addition, the uniform color contrast on MoS 2 monolayer indicates that these regular dendritic patterns are of uniform thickness.
To determine the structure of the MoS 2 patterns, the as-grown MoS 2 patterns/monolayer systems were transferred onto other substrates. The transferred sheets retained their structural integrity ( Figure 1h ,i and Figure S5 , Supporting Information). Atomic force microscopy (AFM) image of several MoS 2 branches is shown in Figure 1j . The observation showed that the grain directions of adjacent MoS 2 flakes are parallel to each other. The AFM line scan of a MoS 2 branch reveals a step height of ≈0.7 nm, which agrees well with the thickness of a MoS 2 monolayer. [15] The atomic structure of the MoS 2 patterns was investigated by transmission electron microscopy (TEM). The TEM bright field image shown in Figure 2a reveals that parallel MoS 2 dendritic branches are grown on monolayer MoS 2 , as identified from the contrast highlighted by the white dashed line; these results are consistent with the optical microscopy and AFM observations. Selected-area electron diffraction (SAED) patterns recorded on both the MoS 2 monolayer and MoS 2 bilayer reveal that these regular flakes are single crystals (Figure 2b-d and Figure S6 , Supporting Information). The presence of monolayer and bilayer domains was also identified by STEM-annular dark field (STEM-ADF) imaging (Figure 2e ). Since the intensity of the ADF signal increases with atomic number, the Mo and S atoms as well as any possible superposition between them can be easily recognized from their relative intensities [29, 30] (Figure 2f and Figure S7 , Supporting Information). In Figure 2g , a magnified STEM-ADF image of a monolayer region is shown where bright spots correspond to Mo atoms and dim spots originate from two-stacked S atoms, revealing the trigonal prismatic geometry of the MoS 2 monolayer. [13] Interestingly, except for a minority of crystals, showing the 2H-phase ( Figure S8 , Supporting Information), the CVD-grown large patterns show a predominantly 3R-phase (space group R3m) (Figure 2h and Figure S9 , Supporting Information), which are believed to be promoted by the high-temperature growth process. [13, 31, 32] The 3R-phase is AB-stacked with a staggered arrangement of Mo atoms over S atoms and has no inversion symmetry. [33] Figure 2i is a high-magnification STEM-ADF image taken near the edge of a MoS 2 flake; the corresponding atomic model is represented in Figure 2j . It is found that the edges of MoS 2 flakes follow the 1H crystal orientation and consist of Mo-zigzag edges, as highlighted by the blue dashed line.
X-ray photoelectron spectroscopy (XPS) was used to measure the binding energies of the MoS 2 patterns/monolayer system transferred on highly oriented pyrolytic graphite (HOPG). The peaks at ≈232.4 and 229.3 eV are attributed, respectively, to Mo 3d 3/2 and 3d 5/2 binding energies (Figure 3a) , and the binding energies for S 2p 1/2 and S 2p 3/2 are located at 163.3 and 162.1 eV (Figure 3b) , which is consistent with the reported values for MoS 2 . [34, 35] Survey scan XPS spectrum (Figure 3c ) reveals that the sample has high chemical purity, indicating that there are no external factors that will influence the growth of these highly regular MoS 2 patterns.
The optical properties of the MoS 2 patterns/monolayer system were characterized by Raman and PL spectroscopies using a 532 nm laser as the excitation source. Figure 3d -f, respectively, shows the optical image and corresponding Raman and PL spectra of trigonal symmetric MoS 2 patterns grown on MoS 2 monolayer. The Raman peaks at ≈404 and 385 cm −1 are identified to be the A 1g and E 2g vibration modes of MoS 2 crystals (Figure 3d) . The difference in peak frequencies between the A 1g and E 2g modes (Δ) can be used to identify the number of MoS 2 layers. [36, 37] increase is consistent with the Δ value for bilayers (Figure 3e ). Figure 3f shows the PL spectrum of a MoS 2 monolayer domain with an emission peak at ≈673 nm corresponding to the direct excitonic transition. [38] At the regular flake domains, a weaker PL peak is observed, similar to bilayer MoS 2 , where the interlayer coupling changes the direct band gap into an indirect one. 
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We also performed Raman and PL mappings of the region displayed in Figure 3d and compared their spatial profiles across regions with and without patterns (Figure 3g-i) . The Raman and PL mapping signals correspond, respectively, to the integrated intensities of the characteristic MoS 2 Raman peak at the A 1g mode (404 cm −1 ), the E 2g mode (≈385 cm −1 ) and the PL emission centered at ≈673 nm. As expected, it is observed that the Raman intensity at the bilayer domains is higher than that at the monolayer domains, whereas the PL signal shows the opposite behavior due to the difference in bandgap behavior.
To assess the generality of our method, homoepitaxial growth of highly organized WS 2 patterns on WS 2 monolayer was studied using a similar strategy. WS 2 crystals were grown using W foil and S powders as the source precursors. Similar to the MoS 2 case, WS 2 flakes can also be grown on WS 2 monolayer and the Raman and PL characterizations, [39] showing similar features for monolayer-bilayer system as in the MoS 2 case, are provided in Figures S10 and S11 in the Supporting Information.
The relative edge stability of the crystals is influenced by chemical potential of the growth precursors, and provides a strategy to tune the shape morphology of the crystals by controlling these factors. Figure 4a -c show the morphological evolution of our MoS 2 crystals grown on MoS 2 monolayer with different S supply. At high S supply, triangular MoS 2 crystals with three straight edges are formed (Figure 4a ). When the S supply is lowered, the edges of the crystals curl inward (Figure 4b) , and when the S supply is further lowered, highly symmetric flakes are formed (Figure 4c ). We also observed some three-point star-shaped MoS 2 crystals (Figure 4d) www.advmat.de www.advancedsciencenews.com observed morphological change originates from the anisotropic growth rates of different edges, where the relative stability of the edge structures is different under different sulfur chemical potential µ S . [40] The formation energy (γ) for four different types of edges (Figure 4e ) varies with µ S , as shown in Figure 4f . It is known that under constant temperature and pressure, the chemical potentials of reactive elements are related to the relative composition. Therefore, a link between the theoretical formation energy of different edges and the controllable precursor amount can be built by µ S .
A ball-and-stick model showing a hexagonal-like cluster terminated by either the zigzag S edges and/or zigzag Mo edges, the two most common edges in CVD-grown crystal, [8] is illustrated in Figure 4g to explain how the relative stability of the edges affect the speed of propagation of the growth front. Figure 4h ,i shows the interconversion of Mo and S-terminations at the zigzag Mo and zigzag S edges (marked in Figure 4g ) during the propagation of the growth front; the process has different energy barriers depending on the edge type as well as the chemical potential. Beginning from the zigzag S edges, the propagation of the growth front by one atomic row changes from the zigzag S edge to an antenna-Mo edge, and further extension reconverts it to a zigzag S edge ( Figure 4h) ; the difference in formation energy between the antenna-Mo and the zigzag S edges is denoted by the energy barrier ΔE 1 (Figure 4f ). When the growth starts at zigzag Mo edges, the edge changes from zigzag Mo edge to an antenna-S edge, and back to zigzag Mo edge with an energy barrier ΔE 2 (Figure 4i) . The corresponding growth rates of zigzag S and zigzag Mo edges follow Arrheniustype kinetics, accordingly the ratio between the edge growth rates is linked to the energy barriers of ΔE 1 and ΔE 2 at a constant
Because the values of ΔE 1 and ΔE 2 change with µ S (Figure 4j ), the growth rates of the S and Mo edges can be adjusted by controlling the relative supply of S/Mo. 
When the ratio of the edge growth rates (ν S /ν Mo ) is equal to 2 or 1/2 depending on the relative stability of the edge termination, the hexagonal-like cluster would grow into a triangular crystal (Figure 4a ) with either three straight zigzag Mo edges or three zigzag S edges. However, if ν S /ν Mo is slightly >2, the growth rate of the zigzag Mo edges lags behind that of the zigzag S edges, and this will cause curved zigzag Mo edges to form (Figure 4b) . Conversely, if ν S /ν Mo is slightly <1/2, the growth of the zigzag S edges lags behind that of the zigzag Mo edges and curved zigzag S edges are formed. Notably, when the supply of S (or µ S ) decreases further, ΔE 1 → 0, while ΔE 2 increases further (Figure 4j ). This means that the growth of the zigzag Mo edges is increasingly inhibited by a large energy barrier, while the growth of the zigzag S edge would accelerate along three armchair directions (Figure 4d ). As the size of the crystal increases, new zigzag S and zigzag Mo edges would form on both sides of the three main branches. After repeated nonequilibrium growth, the fast-growing S edge will grow itself into extinction and produce a highly organized MoS 2 pattern terminated exclusively by zigzag Mo edges (Figure 4k and Figure S12 , Supporting Information). The detailed mechanism of fractal growth still remains an active area of experimental and theoretical research, and further studies are underway in our laboratory.
Due to the alternation of monolayer 1H and bilayer 3R regions, the nonlinear optical characteristics of the homoepitaxially grown patterns should be spatially modulated. Therefore, we studied their SHG and THG responses using λ pump = 1575 nm excitation (Figure 5a) . Probing the generation of harmonics helps to gain more information on the nonlinear optical susceptibility tensor of a material as well as on its structural symmetry. [41] Due to the breaking of inversion symmetry in monolayer 1H MoS 2 , it exhibits a strong SHG response as compared with bilayer 2H MoS 2 . [44] In contrast, since the THG response is described by a third-order process, it can occur irrespective of the number of layers. Figure 5b shows the corresponding SHG and THG spectra measured on a single MoS 2 branch, where two sharp peaks centered at www.advmat.de www.advancedsciencenews.com λ pump /3 (i.e., 525 nm) and λ pump /2 (787.5 nm) are observed. To quantify the associated second-and third-order nonlinear susceptibilities (χ (2) and χ (3) ), we measured the dependence of the SHG and THG signals on the pump power, as shown in Figure 5c . As expected, quadratic and cubic trends were found for the SHG and THG processes, respectively. By using the formulae relating χ (2) and χ (3) to pump and harmonic generation powers for a 2D material on a low-dispersion substrate, we obtain χ (2) = 4.8 × 10 −20 m 2 V −1 and χ (3) = 3.3 × 10 −28 m 3 V −2 . Remarkably, these values exceed those reported for monolayer MoS 2 (1H phase) by a factor of 2.4 and 2, correspondingly. [42] The nonlinear images acquired at the SHG and THG emission wavelengths reveal that the nonlinear signal is significantly larger at the MoS 2 patterns than at the monolayer regions, as shown in Figure 5d ,e. Our results demonstrate that the SHG intensity in 3R-phase bilayer is considerably higher than that in the 2H-phase bilayer. This is due to the parallel alignment of dipoles between the layers, as opposed to antiparallel alignment in the case of the 2H samples. [43] Compared with stacked twisted bilayers by complicated transfer techniques, [44, 45] the ability to produce large-scale 3R-stacking bilayer system should take us a step closer to real-world applications of TMDs. In addition, the highly organized MoS 2 patterns have high edge activity sites, making them efficient hydrogen evolution reaction (HER) electrocatalysts ( Figure S13, Supporting Information) .
In summary, hierarchically organized MoS 2 patterns were grown homoepitaxially on MoS 2 monolayer via CVD. The presence of large-scale 3R-stacked bilayer offers opportunities for devices based on strong nonlinear optical response, and the high density of Mo-terminated edges can be exploited in catalysis. This study provides a route to fabricate TMDs in a hybrid monolayer-bilayer vertical structure, opening up opportunities for the engineering of TMD patterns for technological applications.
Experimental Section
Growth Procedure: The homoepitaxial growth of highly organized MoS 2 patterns was achieved by using an ambient pressure CVD method. Glass substrates used for growth were cleaned ultrasonically in acetone (5 min), isopropanol (5 min), and water (5 min), followed by 10 min of O 2 plasma, after which, they were placed on a piece of Mo foil (0.05 mm thick, 99.95%). Another piece of curved Mo foil, used as the Mo source, was placed above the glass substrate. The glass substrates together with Mo foils were placed at the center of the hot zone in a furnace and heated to the desired temperature (≈1050 °C). A quartz tube with one end sealed containing 0.8 g of S was located upstream, as an S source for the sulfuration of Mo. Ar gas (20 sccm) was used as the carrier gas. The furnace was heated to ≈1050 °C and stabilized for about 3 min, after which, S was introduced to the CVD, and maintained its temperature at ≈180 °C. After a growth period of 10 min, the furnace was cooled to room temperature quickly.
Characterization: AFM images were obtained using a Bruker Dimension FastScan Atomic Force Microscope in the tapping mode. TEM was performed with FEI Titan transmission electron microscope operated at 80 kV. STEM-ADF images were captured on an aberration-corrected JEOL ARM200F, equipped with a cold field emission gun, operating at 60 kV. Raman spectra were recorded at room temperature using a WITec Raman Microscope with laser excitation at 532 nm. XPS was carried out using SPECS XR-50 X-ray Mg Kα (1253.7 eV) source with pass energy of www.advmat.de www.advancedsciencenews.com 30 eV and spot size of 5 mm. The binding energy was determined by a PHOIBOS 150 hemispherical energy analyzer (SPECS, GmbH) equipped with a 3D delay line detector (3D-DLD, SPECS GmbH). The binding energies of the XPS spectra were calibrated to the Au 4f 7/2 peaks.
Nonlinear Optical Measurement: A pulsed Yb:KGW PHAROS laser system was used as the pump of a collinear optical parametric amplifier ORPHEUS with a LYRA wavelength extension option (Light Conversion Ltd, pulse duration of 180 fs, repetition rate of 100 kHz). The excitation beam (λ = 1575 nm) was reflected by a shortpass dichroic mirror (Thorlabs DMSP1000) and focused onto the sample with a 100× (NA = 0.9) air objective from Nikon (≈1 µm 2 spot size). The SHG/THG emission was collected in back-scattering configuration via the same objective and detected with an avalanche photodiode (MPD PDM Series by Picoquant) for imaging, or by a spectrograph (PI Acton SP2300 by Princeton Instruments) for spectral analysis. The sample was fixed to an XYZ piezo-scanner stage (Nano-Drive, Mad City Labs) during scanning. The power of the collected SHG/THG emission was measured with a calibrated silicon photodetector (Newport), while the excitation power was characterized with a germanium photodetector (Thorlabs).
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